The L-tryptophan degradation product indole is a purported extracellular signaling molecule that influences biofilm formation in various bacteria. Here we analyzed the mechanisms of indole production in Fusobacterium nucleatum and the effects of tryptophan and indole on F. nucleatum planktonic and biofilm cells. The amino acid sequence deduced from the fn1943 gene in F. nucleatum ATCC 25586 was 28% identical to that deduced from tnaA in Escherichia coli, which encodes tryptophanase catalyzing the ␤-elimination of L-tryptophan to produce indole. The fn1943 gene was cotranscribed with the downstream gene fn1944, which is a homolog of tnaB encoding low-affinity tryptophan permease. The transcript started at position ؊68 or ؊153 from the first nucleotide of the fn1943 translation initiation codon. Real-time quantitative PCR showed that much more F. nucleatum fn1943 transcripts were obtained from log-phase cells than from stationary-phase cells. Indole production by the purified recombinant protein encoded by fn1943 was examined using highperformance liquid chromatography. The K m and k cat of the enzyme were 0.26 ؎ 0.03 mM and 0.74 ؎ 0.04 s ؊1 , respectively. F. nucleatum biofilm formation and the biofilm supernatant concentration of indole increased dose dependently with increasing tryptophan concentrations. Exogenous indole also increased F. nucleatum biofilm formation in a dose-dependent manner. Even at very high concentrations, tryptophan did not affect fn1943 expression, whereas similar indole concentrations decreased expression. Thus, exogenous tryptophan and indole were suggested to increase F. nucleatum biofilms.
Fusobacterium nucleatum is a Gram-negative, anaerobic, nonmotile, non-spore-forming, spindle-shaped or fusiform rod bacterium that has been implicated as a causative agent of various periodontal (4, 11, 39) , orofacial (5, 26), brain (8) , liver (2) , abdominal (6) , blood (33) , and gynecological (38) abscesses and infections in humans. The oral cavity is the primary colonization site of F. nucleatum, which is one of the most abundant anaerobes in subgingival plaque. F. nucleatum is an important central species in oral biofilm development, bridging early and late plaque biofilm colonizers by coaggregating with a wide array of microorganisms in the oral cavity (29) . However, the mechanism driving F. nucleatum progression from planktonic to biofilm cells is poorly understood.
Indole has long been known as a chemorepellent with a nasty odor (54) and more recently has been shown to control the expression of several genes, including those associated with amino acid metabolism (55) , plasmid maintenance (7), multidrug exporters (24) , pathogenicity islands (1), and polysaccharide production (41) . In addition, indole acts as a cell-to-cell signaling molecule that mediates biofilm formation in various bacteria carrying the gene for tryptophanase (also known as tryptophan indole-lyase; EC 4.1.99.1) (34, 37, 41, 54) . Tryptophanase has been isolated from several bacterial species, including Escherichia coli (44) , Bacillus alvei (25) , Aeromonas liquefaciens (10) , Proteus rettgeri (58) , Proteus vulgaris (27) , Haemophilus influenzae (36) , and Porphyromonas gingivalis (61) . It consists of four identical monomers, each containing one molecule of pyridoxal 5Ј-phosphate (PLP). The PLP molecule forms an aldimine bond with a lysine residue (31) and catalyzes the reversible hydrolytic cleavage of L-tryptophan to produce indole and ammonium pyruvate via an ␣,␤-elimination mechanism (equation 1) (50): L-tryptophan ϩ H 2 O 7 indole ϩ pyruvate ϩ ammonium (1) The tryptophanase (tna) operon has been extensively studied in E. coli (57) and consists of a promoter-leader regulatory region (13) followed by tnaA encoding tryptophanase and tnaB encoding low-affinity tryptophan permease ( Fig. 1) (18) . Transcription of these two structural genes is regulated by both the catabolite repression and tryptophan-induced inhibition of Rho factor-dependent transcriptional termination in the leader region of the operon (tnaL) (51) . The tnaL transcript contains a coding region for a 24-residue leader peptide (tnaC) followed by a Rho factor-binding site. Tryptophan induction requires the attempted translation of tnaC. The last sense codon of tnaC (a proline codon) is translated by tRNA 2 Pro The translating ribosome retaining uncleaved TnaC-tRNA 2 Pro stalls at the tnaC stop codon to block access of Rho factor to the rut site in the tna transcript, thereby preventing transcriptional termination in the tnaL region of the operon (19) (20) (21) (22) .
We recently reported the molecular basis for indole production in P. gingivalis W83 (61) . Although the enzymatic proper-ties of tryptophanase in P. gingivalis were somewhat similar to those in E. coli, the tnaA regions completely differed in both genetic organization and transcriptional mechanism between the two bacteria. Unlike the flanking region of E. coli tnaA, no genes homologous to tnaB or tnaC were identified in the P. gingivalis tnaA region or elsewhere in the genome (61) . Studies of the indole production mechanism have now been extended to F. nucleatum, a representative indole producer in oral microorganisms. In the present study, we identified and examined the expression of the tryptophanase-encoding gene in F. nucleatum and characterized the tryptophanase enzyme activity. The effects of exogenous tryptophan and indole on F. nucleatum biofilms and tnaA expression were also investigated.
MATERIALS AND METHODS
Bacterial strains and culture conditions. F. nucleatum subsp. nucleatum ATCC 25586 obtained from RIKEN BioResource Center (Tsukuba, Japan) was grown anaerobically at 37°C in Columbia broth (Difco, Detroit, MI). E. coli 
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strains DH5␣ (Invitrogen, Carlsbad, CA) and Rosetta (Novagen, Madison, WI), used for DNA manipulation and protein purification, respectively, were grown aerobically in 2ϫ TY broth (Difco) with 100 g ml Ϫ1 ampicillin or 20 g ml
Ϫ1
chloramphenicol. Extraction of RNA. Unless otherwise specified, total RNA was extracted from an F. nucleatum ATCC 25586 culture brought to exponential growth using FastPrep Blue tubes (Bio101, Vista, CA), as described previously (61) . Contaminating DNA in the samples was eliminated by digestion with RNase-free DNase (Takara Bio, Otsu, Japan).
RT-PCR. Reverse transcriptase (RT)-mediated PCR was performed as previously described (60) , with minor modifications. Briefly, RNA (5 ng l Ϫ1 ) was reverse transcribed into single-stranded cDNA with 0.05 ng l Ϫ1 random hexadeoxyribonucleotide primers (Takara Bio) using PrimeScript Reverse Transcriptase (Takara Bio) according to the manufacturer's instructions. The gene-specific primers used for PCR are listed in Table 1 . The reaction mixtures used as negative controls contained no reverse transcriptase, allowing us to evaluate the existence of contaminating genomic DNA in the samples.
RLM-RACE. RNA ligase-mediated rapid amplification of cDNA ends (RLM-RACE) was used to determine the transcription start site of tnaA in F. nucleatum ATCC 25586 with total RNA. Rapid amplification of the 5Ј cDNA ends was performed using a FirstChoice RLM-RACE kit (Ambion, Austin, TX) according to the manufacturer's instructions. Briefly, a 45-base RNA adapter was ligated to the RNA population using T4 RNA ligase. This RNA population was then used as a template for a random-primed reverse transcription reaction. The cDNA product was used as a template for PCR using a tnaA-specific outer primer (RACE outer tnaA primer) and a reverse primer to the adapter (RACE outer adaptor primer). The PCR conditions were as follows: 94°C for 3 min; 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s; and 72°C for 5 min. The identity of the product was confirmed using inner gene-specific primers (RACE inner tnaA primer and RACE inner adaptor primer). E. coli was transformed with the amplicon ligated into an intermediate-copy-number vector, pMCL210 (42) . Plasmids isolated from 11 colonies were sequenced, and sequences were analyzed using Vector NTI software (Invitrogen).
Real-time quantitative PCR analysis. Overnight cultures of F. nucleatum ATCC 25586 were diluted (1/50) in fresh Columbia broth and then incubated for 4, 8, 12, or 24 h. Cell growth was monitored by determining the optical density at 595 nm (OD 595 ), and the cells collected at each incubation point were used for RNA extraction.
To evaluate the effect of tryptophan or indole on tnaA expression in F. nucleatum ATCC 25586, either material was added to the cell culture that had been incubated for 8 h, and the cells were incubated for another 1 h. RNA obtained from the cultures was reverse transcribed into single-stranded cDNA with random primers, as described above. Real-time quantitative PCR amplification, detection, and analysis were performed using the Thermal cycler Dice RealTime system (Takara Bio) with Power SYBR green PCR master mix (Applied Biosystems, Foster City, CA). A reaction mixture for real-time PCR (25 l) contained 1ϫ Power SYBR green PCR master mix, 22.5 pmol of each forward and reverse primer, and 2.5 l of cDNA template. The reaction conditions were 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. At the end of each run, a dissociation protocol (95°C for 15 s, 60°C for 30 s, and 95°C for 15 s) was performed to ensure that nonspecific PCR products were absent. Two constitutive housekeeping genes, the phosphoglycerate kinase gene fn0654 and glucose-6-phosphate isomerase gene fn2054, were used as internal standards to normalize for the amount of total RNA in each sample (47) . The primers used in real-time quantitative PCR (Table 1) were designed using Primer Express software (version 3.0; Applied Biosystems).
To estimate the initial amounts of template in each sample, serial real-time PCRs were performed using the purified genomic DNA of F. nucleatum ATCC 25586. For each gene, a standard curve was plotted using the log of the initial quantity of template against the threshold cycle (i.e., the cycle at which the fluorescence rose above the background level). Data were obtained from four independent experiments.
Purification of recombinant tryptophanase. The recombinant tryptophanase of F. nucleatum ATCC 25586 was purified using the expression vector pGEX-6P-1 (GE Healthcare, Piscataway, NJ) as previously described (59) . The coding sequence of fn1943 was PCR amplified with KOD DNA polymerase (Toyobo, Osaka, Japan) from the genomic DNA of F. nucleatum ATCC 25586 using the primers listed in Table 1 . The amplicons were purified and ligated into the pGEX-6P-1 vector via the BamHI and SalI restriction sites juxtaposing the fn1943 gene, which is downstream from the coding sequence for glutathionine S-transferase (GST) and a PreScission protease cleavage site. E. coli Rosetta cells were transformed with the resulting plasmid, pGER100-3, after the correctness of the amplification of the 1,635-bp insert was verified by sequencing.
Production cultures (500 ml) were inoculated 1:100 with an overnight culture and grown to an OD 595 of 0.7 at 30°C. The cell culture was incubated at 30°C for 1.5 h with 0.2 mM isopropyl-␤-D-thiogalactoside (IPTG) to induce protein expression, and the cells were harvested by centrifugation at 4°C, resuspended in 12 ml of phosphate-buffered saline (PBS), and lysed by ultrasonication. Cell debris was sedimented by centrifugation, and the portion of the GST-fusion protein that remained in the supernatant was absorbed onto a glutathione-Sepharose 4B affinity matrix (GE Healthcare), and cleaved with PreScission protease (GE Healthcare) according to the manufacturer's protocol. The protein concentrations were determined as described previously (45), and sample purity was analyzed by SDS-PAGE.
HPLC analysis. Indole production in an enzymatic reaction was evaluated using reversed-phase high-performance liquid chromatography (HPLC) as pre- bovine serum albumin (BSA), and 2 mM L-tryptophan with or without 100 g ml Ϫ1 of the purified enzyme of F. nucleatum ATCC 25586. After layering with 100 l of toluene, the mixture was incubated for 2 h at 37°C. A toluene aliquot (20 l) from the sample was injected onto a C 18 reversed-phase column (4.6 mm by 250 mm) (TSK-Gel ODS-80Ts; Tosoh, Tokyo, Japan). The mobile-phase solvent, 50% (vol/vol) methanol-water, was pumped through the column at a flow rate of 1 ml min Ϫ1 at 40°C. Excitation and emission wavelengths of 285 and 320 nm, respectively, were used.
Enzyme assay. L-Tryptophan degradation by purified tryptophanase was examined by measuring indole formation, as previously reported (40), with minor modifications. Briefly, after layering the reaction mixture (200 mM potassium buffer [pH 7.5], 0.165 mM PLP, 0.2 mM reduced glutathione, 0.25 mg ml Ϫ1 BSA, 10 g ml Ϫ1 purified tryptophanase, and L-tryptophan) with 100 l toluene, the reaction mixture was prewarmed for 5 min at 37°C. The reaction was initiated by adding a substrate solution. After 10 min of incubation, the reaction was terminated by the addition of 1 ml Ehrlich's reagent, which was prepared daily by mixing five volumes of 5% (wt/vol) p-dimethylaminobenzaldehyde in 95% (vol/ vol) ethanol with 12 volumes of 5% (vol/vol) H 2 SO 4 in 1-butanol. After incubation for 20 min at room temperature, the mixture was centrifuged at 15,000 ϫ g for 2 min to remove insoluble materials. The supernatant was examined spectrophotometrically at 568 nm. The amounts of indole in each reaction mixture were calculated from a standard curve. Kinetic parameters were computed from a Lineweaver-Burk transformation of the Michaelis-Menten equation. The k cat value was calculated from the V max value and the molecular weight of F. nucleatum tryptophanase. Data were obtained from three independent experiments.
The
, and L-serine was measured by assaying pyruvate formation, as previously described (59) . The assays were performed in 100-l reaction mixtures containing 200 mM potassium phosphate buffer (pH 7.6), 0.165 mM PLP, 1 g of purified enzyme, and several concentrations of each substrate. After 10 min of incubation at 37°C, reactions were terminated by adding 50 l of 4.5% (vol/vol) trichloroacetic acid. The reaction mixtures were centrifuged, and 100 l of the supernatants was added to 300 l of 0.67 M sodium acetate (pH 5.2) containing 0.017% (wt/vol) 3-methyl-2-benzothiazolinone hydrazone. After incubation at 50°C for 30 min, the absorbance at 335 nm (A 335 ) was determined. The amounts of pyruvate were calculated from a standard curve prepared using crystalline sodium pyruvate. Data were obtained from three independent experiments.
Indole assay. Overnight cultures of F. nucleatum ATCC 25586 were diluted 1/20 in Columbia broth. Aliquots (1 ml) of the diluted samples were incubated in the wells of a flat-bottom 24-well polystyrene plate (Greiner Bio-One, Tokyo, Japan) with or without 1, 3, or 6 mM tryptophan for 48 h at 37°C. After the cell culture was centrifuged at 15,000 ϫ g for 2 min and the bacterial pellet was removed, the supernatants of the samples were mixed immediately with 140 l of Kovac's reagent (5% [wt/vol] p-dimethylamino-benzaldehyde, 75% [wt/vol] methanol, 2.5 M HCl). The indole concentration was measured spectrophotometrically from the A 540 and calculated according to the standard curve.
Biofilm formation assay. Biofilm formation by F. nucleatum ATCC 25586 was assayed using a method described previously (35) with some modifications. Overnight cultures of F. nucleatum were diluted 1/20 in Columbia broth. Aliquots (200 l) of the diluted samples were anaerobically incubated in the wells of a flat-bottom 96-well polyvinyl chloride (PVC) plate (BD Japan, Tokyo, Japan) with or without tryptophan (1, 3, or 6 mM) or indole (0.05, 0.1, 0.2, 0.4, 0.8, or 1.6 mM) for 48 h at 37°C. A portion (100 l) of each cell culture was then transferred to a 96-well polystyrene plate and spectrophotometrically measured at 595 nm to assess planktonic bacterial growth. After discarding the remaining bacterial culture in the wells, bacterial cells bound to the wells were gently washed twice with PBS, air dried, and then stained with 200 l of 0.1% (wt/vol) crystal violet for 15 min. After being washed 4 times with PBS to remove excess dye, the cell-bound dye was eluted using 200 l of 99% methanol. Biofilm formation was quantified by measuring the A 595 .
Confocal laser-scanning microscopy. Biofilms of F. nucleatum were formed on PVC sheets (5 ϫ 5 mm) sunk in a 12-well plate containing Columbia broth with or without tryptophan (1, 3, or 6 mM) or indole (0.2 or 1.6 mM) for 48 h at 37°C. The biofilms formed on each sheet were washed twice with PBS to remove unbound cells, stained for 15 min in the dark with a drop of 5 mM SYTO9 (Invitrogen) in PBS, and rinsed twice with PBS. The sheet was then mounted on a drop of ProLong Gold (Invitrogen). Samples were observed using a confocal laser-scanning microscope (FV1000-D; Olympus, Tokyo, Japan) with an argon laser at 488 nm to excite the SYTO9 dye, and its fluorescence was gained through a 505-to 605-nm optical filter. Optical sections were collected with 2.5-m steps through a sample depth of 70 m. The three-dimensional structures of the biofilms were constructed using the Fluoview software (Olympus).
RESULTS
Organization of the tnaA homolog and the flanking regions in F. nucleatum. The DNA sequences of the tnaA homolog (fn1943) and flanking regions in F. nucleatum ATCC 25586 were obtained from the whole genome sequence of the strain (28) using GenBank (http://www.ncbi.nlm.nih.gov/). The open reading frame (ORF) (1,635 bp) is longer by at least 200 bp than the tnaA genes (1,389 to 1,416 bp) from other bacteria, such as E. coli (12) , P. vulgaris (27) , H. influenza (36) , and P. gingivalis (61) . The amino acid sequence deduced from fn1943 of F. nucleatum displayed 28 to 34% identity with the tnaA sequences of the bacteria described above. In E. coli, the transcribed leader region of tnaA contains a 72-bp coding region, tnaC, for a 24-residue leader peptide (52), which is necessary for tna operon expression (20) . In F. nucleatum ATCC 25586, no sequences corresponding to the leader peptide were found in the fn1943 operon transcript (Fig. 1A) , which was determined as described below. The upstream ORF from fn1943, namely, fn1942, existed in the opposite strand of the region, although homologous genes were not found in the corresponding region of E. coli or P. gingivalis. In contrast, the amino acid sequence of the gene downstream from fn1943 of F. nucleatum ATCC 25586 (fn1944) was 15% identical to that of tnaB encoding low-affinity tryptophan permease in E. coli (18) .
Transcriptional analyses of the fn1943 region in F. nucleatum. Transcripts of the fn1943 region in F. nucleatum ATCC 25586 were characterized using RT-PCR. The positions of the primer pairs designed to detect intergenic and intragenic regions are shown in Fig. 1A . No PCR product corresponding to the region spanning the borders of fn1944/fn1945 were amplified (Fig. 1B) , and fn1942 expression was not detected. In contrast, PCR fragments corresponding to the region spanning the borders of fn1943 and fn1944 were amplified, with amplicons of the expected lengths. However, no products were amplified using cDNA prepared without reverse transcriptase, indicating that the RT-PCR products were not derived from contaminated chromosomal DNA (Fig. 1B) . These results demonstrated that the fn1943 and fn1944 genes were cotranscribed as an operon in F. nucleatum ATCC 25586.
The transcription start site of fn1943 in F. nucleatum ATCC 25586 was determined by 5Ј RLM-RACE experiments using cDNA reverse transcribed from total RNA, which was extracted from F. nucleatum ATCC 25586 grown to the exponential phase. PCR fragments amplified with inner primers were subjected to DNA sequencing of the upstream region up to the transcription start site of fn1943. The junction of the adapter with F. nucleatum genomic DNA is the 5Ј end of the transcript. Two forms of the fn1943 transcript were detected, starting at adenine at positions Ϫ68 (in 4 of 11 plasmids analyzed) and Ϫ153 (in 7 of 11 plasmids analyzed) from the first nucleotide of the translation initiation codon of fn1943 (Fig.  1C) . Sequences similar to the consensus promoter, the Ϫ10 and Ϫ35 regions (23), were found in the regions upstream from both transcript starting positions.
Enzymatic characterization of the fn1943 product of F. nucleatum. To characterize the product of the fn1943 gene, we purified the recombinant protein using the pGEX-6P-1 vector system (Fig. 2A) . The molecular mass of the denatured polypeptide agreed well with the predicted molecular mass (61 kDa). HPLC analysis showed that incubation of the purified protein with L-tryptophan resulted in indole production, indicating that the fn1943 gene encodes tryptophanase (Fig. 2B) . Based on this result, we designated fn1943 as tnaA. The kinetic activity of the recombinant tryptophanase was spectrophotometrically evaluated. The breakdown of substrates other than L-tryptophan was determined by assaying pyruvate production, since enzymatic degradation of the substrates invariably resulted in pyruvate formation. Our preliminary experiments showed that indole inhibited the assay using 3-methyl-2-benzothiazolinone hydrazone to detect pyruvate formation. Hence, the kinetic properties of the tryptophanase for L-tryptophan were determined by measuring the amounts of indole. The enzymatic properties of the purified enzyme are summarized in Table 2 . The k cat and k cat /K m values of the enzyme for L-tryptophan were much higher than those for S-methyl-Lcysteine or S-ethyl-L-cysteine. The enzyme had no detectable elimination activity with L-alanine, L-serine, or L-cysteine as a substrate.
Effect of the growth phase on tnaA expression. To examine the effect of the F. nucleatum growth phase on tnaA expression, real-time quantitative PCR analysis was performed. After the OD 595 of cell cultures incubated for 4, 8, 12, and 24 h was measured to create a growth curve (Fig. 3) , cDNA was prepared using total RNA extracted from each cell culture. The amounts of tnaA transcript in cells grown for 8 and 12 h were 12 and 9.7 times, respectively, larger than those for 4 h (early log phase). However, expression of the tnaA gene in the stationary phase (24 h) was only 5% of that in the early log phase (Fig. 3) . The amounts of total cDNA were normalized using the housekeeping genes fn0654 (phosphoglycerate kinase) and fn2054 (glucose-6-phosphate isomerase; data not shown).
Effect of tryptophan on indole and F. nucleatum biofilm formation. The indole concentration was measured in a culture (Fig. 4A) . Biofilm formation by F. nucleatum grown with tryptophan was also examined. The levels of biofilm formation on the flat bottoms of 96-well PVC plates were estimated by measuring the OD 595 after staining the bacteria with crystal violet (Fig.  4B) . The amount of biofilm formed by F. nucleatum also increased dose dependently with increasing tryptophan concentration. In contrast, the planktonic cells grown with or without various tryptophan concentrations were not significantly different. F. nucleatum biofilms formed on small PVC sheets in the presence or absence of tryptophan for 48 h were examined using confocal laser-scanning microscopy (Fig. 4C) . The surface area of the PVC sheet that was covered with F. nucleatum biofilm was visually increased in accordance with the concentration of tryptophan added to the culture, reflecting the results obtained by the biofilm assay with crystal violet.
The effect of the addition of tryptophan on tnaA expression in F. nucleatum was also evaluated using real-time quantitative PCR (Fig. 5A ). Cells were incubated for 8 h without tryptophan followed by incubation for another 1 h with or without 1, 3, or 6 mM tryptophan. The amounts of tnaA transcripts were not significantly different among F. nucleatum cells grown with or without tryptophan (Fig. 5A) . 
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Effect of exogenous indole on biofilm formation and tnaA expression in F. nucleatum. The crystal violet biofilm assay revealed that F. nucleatum biofilm formation increased dose dependently with increasing exogenous indole (Fig. 6A) . These findings were confirmed by confocal laser-scanning microscopy of biofilms formed in presence or absence of 0.2 or 1.6 mM indole (Fig. 6B) . In contrast, planktonic cells grown without indole were not significantly different from those grown with any tested concentration of indole (Fig. 6A) .
The effect of exogenous indole on tnaA expression in F. nucleatum was also evaluated using real-time quantitative PCR (Fig. 5B ). Cells were incubated for 8 h without indole followed by further incubation for 1 h with or without 1 or 4 mM indole. There was no significant difference in the amounts of tnaA between F. nucleatum cells incubated with or without 1 mM indole. However, when cells were incubated with 4 mM indole, the tnaA expression was decreased to ϳ43% compared to control. Similar results were obtained regardless of whether the amounts of total cDNA were normalized using the housekeeping gene fn0654 or fn2054.
DISCUSSION
Until the tryptophanase of P. gingivalis was recently reported (61), the mechanism by which indole was produced by oral microorganisms had not been examined in much detail. This is probably because the importance of indole had not been recognized, except for its usefulness as a common diagnostic marker. However, increasing evidence suggests that indole mediates cell-to-cell signaling, similar to the N-acyl derivatives of homoserine lactone, cyclic peptide, and quinolones (9, 34, 41, 55) . The goal of this study was to gain insight into indole production by F. nucleatum, a key microorganism for dental biofilm formation, and to evaluate the effects of tryptophan and indole on biofilm formation.
The tna operon of E. coli contains two major structural genes, tnaA and tnaB (12) . The former gene is preceded by a 319-bp transcribed leader region, tnaL, which contains a short coding region, tnaC. In P. gingivalis, the flanking regions of tnaA do not contain tnaB or tnaC (61) . As seen in the tna operon of E. coli, the tnaA gene was cotranscribed with tnaB in F. nucleatum. However, the transcription start site of the tna operon in F. nucleatum ATCC 25586 was 67 or 152 bp upstream from the initiation codon of tnaA (Fig. 1C) , revealing that the region corresponding to tnaL in F. nucleatum was much shorter than that in E. coli. No sequence homologous with tnaC was found in the tnaL region of F. nucleatum ATCC 25586. Furthermore, no sequence was found that bound to the cyclic AMP (cAMP) receptor protein, which is proximal to the transcription start site of the tna operon in E. coli and associated with tnaA operon expression (13) . These findings suggest that tna operon regulation in F. nucleatum is different from that in E. coli.
The K m value (0.26 Ϯ 0.03 mM) of F. nucleatum tryptophanase for L-tryptophan was slightly lower than that of E. coli (0.32 mM) (43, 56) or B. alvei (0.27 mM) (25) but slightly higher than that of P. gingivalis (0.20 mM) (61) . These findings indicate that the affinity of F. nucleatum tryptophanase to Ltryptophan was similar to those of tryptophanases of other bacteria. In contrast, the k cat and k cat /K m values (0.74 Ϯ 0.04 s Ϫ1 and 2.79 Ϯ 0.25 mM Ϫ1 s Ϫ1 , respectively) were less than those in E. coli (6.8 s Ϫ1 and 30 mM Ϫ1 s Ϫ1 , respectively) (46) and P. gingivalis (1.37 s Ϫ1 and 6.87 mM Ϫ1 s Ϫ1 , respectively). Thus, the capacity of tryptophanase from F. nucleatum to produce indole was lower than that of tryptophanase from E. coli or P. gingivalis.
Neither tryptophanase from F. nucleatum nor that from P. gingivalis (61) degraded L-serine or L-cysteine, both of which were degraded by tryptophanases from E. coli (40) and P. vulgaris (62) . Since the amino acid identity between tryptophanase from F. nucleatum and that from P. gingivalis was nearly identical to that between tryptophanase from F. nucleatum and those from the other bacteria described above, some specific amino acids in tryptophanase might play an important role in determining the enzyme substrate specificity. In addition to previous reports describing the amino acids associated with the active site of the enzyme (14) (15) (16) 32) , further studies on which amino acids determine the substrate specificity would be interesting.
The evidence that indole is a cell-to-cell signaling molecule influencing bacterial biofilm formation is rather complicated. In E. coli, indole represses biofilm formation by inducing the quorum-sensing signal autoinducer I (34) . Indole increases Vibrio cholerae biofilms by activating genes involved in Vibrio polysaccharide production, which is essential for biofilm for- mation in the bacteria (41) . We demonstrated that F. nucleatum biofilms were increased in accordance with the amounts of indole (Fig. 6A) or tryptophan (Fig. 4B) added to the media. The latter finding is likely due to indole production from tryptophan by tryptophanase. Indeed, the indole concentration was increased by the addition of tryptophan to the bacterial cultures.
The physiological indole concentration seen in stationaryphase supernatants of E. coli is 0.3 mM (55), which is high enough to increase biofilm formation by F. nucleatum. Incubation of F. nucleatum with 6 mM tryptophan, at which F. nucleatum biofilms were significantly increased (Fig. 4B) , resulted in production of approximately 0.2 mM indole (Fig. 4A) . In contrast, the F. nucleatum biofilms were efficiently increased by the presence of 0.2 mM indole (Fig. 6A) . Interestingly, the F. nucleatum biofilms formed in the presence of 6 mM tryptophan were quantitatively more than those in the presence of 0.2 mM indole ( Fig. 4C and 6B) , suggesting that the biofilm development may be influenced not only by indole but also by tryptophan, or its metabolites. However, the mechanism by which indole and tryptophan increase F. nucleatum biofilm formation is unclear. Studies on indole-or tryptophanmediated gene regulation using microarrays (41) and two-dimensional electrophoresis (9) might provide useful information to elucidate the mechanism.
Real-time quantitative PCR analysis revealed approximately 10 and 100 times more F. nucleatum tnaA transcripts in the mid-or late-log-phase cells than in the early-log-phase or stationary-phase cells, respectively (Fig. 3) . The relatively low stationary-phase expression of tnaA agrees with a previous report showing that tnaA was repressed 13-fold in 6-day-old E. coli biofilms (48) . Interestingly, addition of tryptophan even at a very high concentration (6 mM), at which indole was produced at 0.23 mM in the F. nucleatum culture, did not affect tnaA expression (Fig. 5A ). This might be because the F. nucleatum tnaA region contains the tnaC sequence, which is associated with the tryptophan-induced inhibition of Rho factordependent transcription termination (53) . In contrast, the decreased tnaA level at high indole concentrations seemed to be associated with the feedback response (Fig. 5B) .
Certain periodontopathogenic bacteria, including P. gingivalis, Prevotella intermedia, and F. nucleatum, are able to produce indole from L-tryptophan (17) . It was reported more than 50 years ago that saliva from patients with periodontal disease produced more indole than saliva from periodontally healthy subjects (3). However, it is unclear whether the indole toxicity is directly associated with periodontal disease, whereas F. nucleatum biofilms were increased in the presence of indole (Fig.  6A) . It should be noted that PVC was used as a substrate for F. nucleatum biofilms in this study. Our preliminary experiments showed that the plates and sheets made of PVC, which have been frequently employed in similar experiments, fix F. nucleatum biofilms more firmly than those of other artificial substrates, including polystyrene. However, such plates and sheets do not necessarily reflect the conditions in the oral cavity, since the scaffold on which bacterial biofilms are experimentally formed can generally influence their amount and structure. In addition, natural biofilms such as dental plaque are complex structures of multiple organisms which may behave quite differently from monoculture biofilms due to cellto-cell signaling molecules. The function of indole as an interspecies signal that decreases E. coli and increases Pseudomonas sp. biofilms (34) is interesting, given that F. nucleatum is an important central microorganism in oral biofilms (29) . In contrast, tryptophan metabolism and indole production in F. nucleatum may also be influenced by cell-to-cell signaling molecules that the other bacteria produce. Thus, more comprehensive studies are necessary to precisely understand the effect of indole on the biofilm formation by F. nucleatum and the other bacteria in the human oral cavity.
